The Ts65Dn mouse model of Down syndrome recapitulates the hallmark areas of dysfunction that characterize the human disorder, including impaired performance in tasks designed to tap hippocampusdependent learning and memory. Unfortunately, performance in the water maze tasks most commonly used for this purpose can be affected by behavioral and/or physiological abnormalities characteristic of Ts65Dn mice (e.g., thigmotaxis, susceptibility to hypothermia, stress reactivity), which complicates interpretation of impaired performance. The current study assessed hippocampal function in Ts65Dn mice using the social transmission of food preference (STFP) paradigm, which does not entail water escape or aversive reinforcement, and thus avoids these interpretive confounds. We tested Ts65Dn mice and disomic controls on this task using 1-and 7-day retention intervals. The Ts65Dn mice exhibited normal learning and memory following the 1-day retention interval, but rapid forgetting of the socially acquired information, evidenced by impaired performance following the 7-day retention interval. The STFP paradigm can be a valuable tool for studies using the Ts65Dn mouse model to evaluate potential therapies that may ameliorate hippocampal dysfunction and aging-related cognitive decline in Down syndrome.
Down syndrome (DS) affects roughly 1 in 700 live births in the United States (Parker et al., 2010) , and is the most common genetic cause of intellectual disability. The extensively studied Ts65Dn mouse model of DS (Davisson, Schmidt, & Akeson, 1990) has been reported to recapitulate many of the hallmark areas of dysfunction that characterize the human disorder, including impairment of memory and attention, as well as atrophy of cholinergic neurons in early adulthood. Ts65Dn mice, like humans with DS, perform more poorly than controls on tests designed to tap hippocampus-dependent learning and memory (Galdzicki & Siarey, 2003; Nadel, 2003) , including the Morris water maze, the radial arm water maze, novel object recognition, and context discrimination (Ash et al., 2014; Bimonte-Nelson, Hunter, Nelson, & Granholm, 2003; Hyde, Frisone, & Crnic, 2001; Holtzman et al., 1996; Reeves et al., 1995; Sago et al., 2000; Sansevero, Begenisic, Mainardi, & Sale, 2016; Velazquez et al., 2013) . Functional deficits in Ts65Dn mice coincide with an early-onset degeneration of basal forebrain cholinergic neurons, which project to the hippocampus (Granholm, Sanders, & Crnic, 2000; Holtzman et al., 1996) .
Numerous studies have utilized Ts65Dn mice to test potential therapies for DS, and have relied on the Morris water maze or radial arm water maze to assess spatial learning and memory (De la Torre et al., 2014; Lockrow et al., 2011; Sansevero et al., 2016; Stagni et al., 2015; Stringer, Abeysekera, Dria, Roper, & Goodlett, 2015 , 2017 . However, certain behavioral and physiological abnormalities characteristic of Ts65Dn mice complicate the interpretation of their impaired performance in these tasks. For example, Ts65Dn mice exhibit thigmotaxis (swimming along the walls of the pool) when tested in the Morris water maze (Costa, Walsh, & Davisson, 1999; Escorihuela et al., 1995) . Another factor complicating interpretation of group differences in water mazes is the fact that Ts65Dn mice are more susceptible than controls to swimminginduced hypothermia (Stasko & Costa, 2004) . Additionally, Ts65Dn mice can display motor dysfunction and hyperactivity (Costa et al., 1999; Coussons-Read & Crnic, 1996) , which may affect performance in tasks such as the radial arm maze and novel object recognition. Finally, there is evidence that Ts65Dn mice exhibit heightened reactivity to a variety of stressors (Crnic & Pennington, 2000; Driscoll et al., 2004; Hyde, Crnic, Pollock, & Bickford, 2001; Martínez-Cué, Rueda, García, & Flórez, 2006; Turner et al., 2001) , further complicating interpretation of impaired performance in water maze tasks, and more generally in tasks which use stressors to motivate learning. The current study was designed to identify a test of hippocampus-dependent memory that is free of these confounds. A test which has been shown to be sensitive to hippocampal dysfunction but does not entail water escape or aversive motivation is the social transmission of food preference (STFP) paradigm. This task has been effectively used by many groups to study the neuroanatomical, neurochemical, and genetic substrates of memory (see Galef, 2012) .
The STFP is a social learning paradigm, initially developed as a means of assessing intrinsically motivated learning-learning in which animals would spontaneously engage without the need for either appetitive or aversive reinforcement (Strupp & Levitsky, 1983 , 1984 . The development of this paradigm was based on anecdotal reports that Norway rats in the wild learn about the safety of novel foods through social interaction with other rats (Strupp & Levitsky, 1984) . The general procedure consists of a three-stage process. First, a demonstrator rodent is given a distinctly scented food to eat. Second, the demonstrator interacts with a conspecific observer, during which time the observer can smell the scented food on the breath of the demonstrator, which is a critical component of the learning (Galef, Mason, Preti, & Bean, 1988) . Third, after a retention interval, the observer is presented with two novel scented foods, one of which had previously been consumed by the paired demonstrator. Prior experiments have provided evidence that both mice and rats show a strong preference for consuming the food that the paired demonstrator had previously consumed. Following elucidation of the key elements that underlie this social learning phenomenon in rats, the paradigm was later modified and streamlined for both rats (Galef, 2003) and mice (Wrenn, 2004) . Recall of the information acquired in the STFP paradigm following lengthy retention intervals has been shown to be impaired by hippocampal damage (Bunsey & Eichenbaum, 1995; Winocur, 1990) .
We tested Ts65Dn and disomic (2N) control mice in this STFP procedure, using a 1-day retention interval (Experiment 1) and a 7-day retention interval (Experiment 2). We hypothesized that Ts65Dn mice would exhibit impaired memory relative to 2N controls.
Method Subjects
Subjects in Experiment 1 were from our breeding colony at Cornell University (Ithaca, NY). Breeder pairs were female Ts65Dn and male C57Bl/6J Eicher ϫ C3H/HeSnJ F1 mice, purchased from Jackson Laboratories (Bar Harbor, ME). All subjects were nulliparous female Ts65Dn or control (2N) mice. All demonstrators were 2N (n ϭ 16); observers were Ts65Dn (n ϭ 16) and 2N (n ϭ 13). Mice were tested at approximately 12 months of age.
Subjects in Experiment 2 were purchased directly from Jackson Laboratories. All subjects were nulliparous female Ts65Dn or 2N mice. All demonstrators were 2N (n ϭ 6); observers were Ts65Dn (n ϭ 12) and 2N (n ϭ 12). Mice were 3-4 months of age upon arrival and were tested at 6 -7 months of age.
Mice were housed in microisolator cages, in a temperature-and humidity-controlled room (72°C, 45% humidity) on a 12:12 reverse light-dark cycle. Cages contained paper bedding, a plastic house, t-tube, ceramic cup, and plastic-gel bone. All mice were maintained on AIN-76A purified rodent diet (Dyets, Inc., Bethlehem, PA) and had ad libitum access to food and water.
Mice were group-housed by genotype until 2 weeks prior to testing. At that time, all subjects were housed singly and ration-fed to keep them at roughly 90% of their ad libitum body weight. Subjects were weighed daily before and after testing, and were fed 20 min after being returned to their home cage. With this regimen, mice consumed their rations within ϳ1 hr, resulting in ϳ23-hr food restriction prior to testing, which ensured motivation to consume food during the test sessions.
Social Transmission of Food Preference (STFP)
Our STFP protocol was adapted from Wrenn (2004) , which describes the basic protocol for STFP in mice, adapted from prior research with rats. Demonstrator feeding and STFP testing, respectively, were conducted in two separate rooms adjacent to the colony room, during the dark phase of the cycle, in red light. Test chambers were standard rat cages (9.5 ϫ 18 ϫ 8 inches) with opaque walls, empty except for two glass food jar assemblies, one placed at each end of the cage.
Half of the demonstrators were assigned to eat powdered chow adulterated with cocoa (2% by weight), and the other half were given powdered chow adulterated with cinnamon (1% wt/wt). These two chow mixtures have been used extensively in prior research using the STFP paradigm, and in general, are consumed in approximately equal amounts by naïve rodents (Strupp & Levitsky, 1983 , 1984 Galef, 2003) . In addition, a pilot study in our lab involving six demonstrators from Experiment 1 confirmed that these two diets were relatively equally preferred by this strain of mouse. When presented with the two adulterated diets simultaneously, these mice consumed roughly equal amounts of each (within 43% to 57%).
Beginning 1 week prior to the experiment, each demonstrator was placed for 1 hr per day into a test chamber containing two food jars, both filled with the diet assigned to that demonstrator mouse. Food jars were weighed at start and finish to determine amount consumed.
On Test Days 1-3, observers were habituated to the test chambers and plain (unadulterated) powdered chow. Each observer was transferred to a test chamber for 1 hr on each of these days. Both food jars contained unadulterated, powdered chow. Food jars were weighed at start and finish to determine amount consumed.
Test Day 4 was a food neophobia test, to provide an assessment of olfactory acuity. Each observer was transferred to a test chamber for 1 hr. One food jar contained unadulterated, powdered chow and the other food jar contained powdered chow adulterated with ginger (2% wt/wt). Food jars were weighed at the start and end of the 1-hr period to determine the amount consumed. In this test, most rodents will exhibit a preference for the unadulterated chow, due to neophobia for novel foods; in this case, the diet adulterated with ginger. Thus, if a given rodent (or group) does not exhibit an avoidance of the ginger-scented chow, olfactory acuity may be questioned.
On Test Day 5 the food jars were removed from the test chambers. Each observer was placed into a chamber along with a demonstrator which had just previously consumed either the cocoa-scented or cinnamon-scented chow. Within each group (Ts65Dn and 2N), half of the mice were paired with a demonstrator who had previously consumed cocoa-scented chow, whereas the other half were paired with a demonstrator who had previously consumed cinnamon-scented chow. Each observer-demonstrator pair could freely interact for 30 min. A wide-angle, infrared video camera was used to record the interaction. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Test Day 6 was the STFP test, and was conducted either 1 day after observer-demonstrator interaction (Experiment 1) or 7 days after the interaction (Experiment 2). Each observer was transferred to a test chamber for 1 hr. One food jar contained cocoa-scented chow and the other food jar contained cinnamon-scented chow. Food jars were weighed at start and finish to determine amount consumed.
Demonstrators were paired with only one observer per test day, but were reused to interact with multiple observers. The pairings were counterbalanced across observer genotype. The spatial locations of the food jars during the food neophobia test and the STFP test were counterbalanced across genotype and food type. Demonstrators were required to consume a minimum of 0.2 g of food prior to interaction with observers. Likewise, observers were required to consume a minimum of 0.2 g of food during the food neophobia test and the STFP test to permit a reliable assessment of the food preference, and hence a valid assessment of the construct being assessed (neophobia, and learning/memory, respectively). All mice consumed this minimum amount of food in the allotted time.
All protocols were approved by the institutional animal care and use committees of Cornell University and were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Statistical Analysis
For each experiment, mean body weight (g) was analyzed using an unpaired t test. For the food neophobia test, the percentage of the normal chow consumed ([grams of unadulterated chow consumed]/[grams of total chow consumed] ϫ 100) was analyzed using an unpaired t test. Group sizes for all t tests were as follows: Experiment 1: Ts65Dn ϭ 16, 2N ϭ 13; Experiment 2: Ts65Dn ϭ 12, 2N ϭ 12.
For the STFP data, the dependent measure was the percentage cocoa-scented chow consumed ([grams of cocoa-scented chow consumed]/[grams of total chow consumed] ϫ 100). Subgroups were characterized by genotype (Ts65Dn, 2N), retention interval (1 day, 7 days), and food consumed by the paired demonstrator (cocoa, cinnamon). For each genotype, at each delay, a significant social learning effect was indicated by a significant difference in the mean percentage cocoa chow consumed between the observers paired with a cocoa demonstrator versus those paired with a cinnamon demonstrator. Due to the relatively small sample sizes within each of these subgroups (n ϭ 6 -8; see Figure 1 ), the data were analyzed using the nonparametric Wilcoxon's rank sum test. The alpha level for all analyses was set at 0.05. Statistical analysis was performed using the Statistical Analysis System (version 9.3; SAS Institute, Cary, NC).
Results
In both experiments, body weight (g) of the Ts65Dn mice was significantly less than their 2N counterparts, consistent with prior studies (Ash et al., 2014; Bianchi et al., 2010; Fuchs, Ciani, Guidi, Trazzi, & Bartesaghi, 2012; Roper, St John, Philip, Lawler, & Reeves, 2006; Velazquez et al., 2013 In Experiment 1, the food neophobia test did not reveal a significant difference in the percentage of unadulterated chow consumed by the 2N and Ts65Dn mice, t(27) ϭ 1.173, p ϭ .25; both groups exhibited a preference for the unadulterated chow (i.e., an avoidance of the ginger-scented chow): (2N: 75.93 Ϯ 3.1; Ts65Dn: 81.11 Ϯ 3.1). Similarly, in Experiment 2 there was no significant difference between the two genotypes in terms of the percentage of unadulterated chow consumed, t(22) ϭ 0.8798, p ϭ .39; both groups exhibited a preference for the unadulterated chow (2N: 78.83 Ϯ 3.7; Ts65Dn: 72.01 Ϯ 6.8). Figure 1 depicts the percentage cocoa-scented chow consumed by each observer, and indicates the median within each group. The Wilcoxon's rank sum test revealed a significant social learning effect for the 2N mice tested at a 1-day retention interval (p ϭ .003), the 2N mice tested at a 7-day retention interval (p ϭ .008), and the Ts65Dn mice tested at a 1-day retention interval (p ϭ .004). In these groups, observer mice paired with cocoa demonstrators exhibited a preference for the cocoa-scented chow, whereas the observer mice paired with cinnamon demonstrators exhibited a preference for the cinnamon-scented chow. However, for the Ts65Dn mice tested at a 7-day retention interval, the social learning effect was not significant (p Ͼ .05). Following this longer retention interval, the Ts65Dn observers paired with cocoa dem- Percentage of cocoa-adulterated chow consumed during the social transmission of food preference (STFP) test, as a function of genotype, retention interval, and the diet consumed by the paired demonstrator (cocoa-or cinnamon-adulterated chow). A significant social learning effect was observed for the 2N mice tested at a 1-day retention interval, the 2N mice tested at a 7-day retention interval, and the Ts65Dn mice tested at a 1-day retention interval. There was no significant social learning effect for the Ts65Dn mice tested at a 7-day retention interval. Significant social learning was defined as a significant difference in the percentage cocoaadulterated chow consumed between the subgroup paired with a demonstrator fed cocoa chow and the subgroup paired with a demonstrator that had consumed cinnamon chow. In addition, there was a significant effect of delay for the Ts65Dn mice paired with cinnamon demonstrators. Solid symbols ϭ 2N mice; open symbols ϭ Ts65Dn mice. Circles ϭ mice paired with cocoa demonstrators; squares ϭ mice paired with cinnamon demonstrators. Solid lines represent the median within each group.
‫ء‬ p Ͻ .05. # p Ͻ .05. Co ϭ cocoa; cin ϭ cinnamon; n.s. ϭ not significant. This document is copyrighted by the American Psychological Association or one of its allied publishers.
onstrators consumed mostly cocoa-scented chow, and even those paired with cinnamon demonstrators exhibited a slight preference for the cocoa-scented chow. Consequently, for the Ts65Dn mice cued to cinnamon, there was a significant effect of delay (p ϭ .03), reflecting the fact that a preference for the cinnamon-scented chow was evident at the 1-day interval, but not at the 7-day interval. In contrast, there was no significant effect of delay for 2N mice cued to cocoa (p ϭ .99), 2N mice cued to cinnamon (p ϭ .43), or Ts65Dn mice cued to cocoa (p ϭ .33), as strong social learning was evident for these subgroups at both retention intervals.
Discussion
The Ts65Dn mouse model has been extensively used by various labs to test potential therapies to lessen the cognitive dysfunction associated with DS (Begenisic, Sansevero, Baroncelli, Cioni, & Sale, 2015; Colas, Chuluun, Garner, & Heller, 2017; De la Torre et al., 2014; Lockrow et al., 2011; Sansevero et al., 2016; Stagni et al., 2015; Stringer et al., 2015) . Our group, for example, has shown that supplementing the maternal diet with additional choline can ameliorate spatial learning and attention deficits in adult Ts65Dn offspring (Ash et al., 2014; Moon et al., 2010; Powers et al., 2017; Velazquez et al., 2013) . However, behavioral and physiological abnormalities characteristic of Ts65Dn mice complicate interpretation of the impaired performance of these mice in tasks which entail water escape or other stressors. Therefore, the current study assessed hippocampus-dependent memory in Ts65Dn mice using the STFP paradigm, which does not entail water escape or aversive motivation. The results demonstrate that Ts65Dn mice exhibit normal social learning and memory following a 1-day retention interval, but rapid forgetting of the socially acquired information, as evidenced by performance after the 7-day retention interval.
When tested following a 1-day retention interval, Ts65Dn mice performed indistinguishably from 2N controls. Social learning was evident in both genotypes, that is, observers showed a strong preference for the scented chow that their paired demonstrators had previously consumed. Those observers paired with demonstrators who had consumed cinnamon-scented chow exhibited a preference for the cinnamon diet, whereas those paired with cocoa demonstrators preferred the cocoa-scented chow. In contrast, when tested following a 7-day retention interval, the 2N mice showed a strong social learning effect but the Ts65Dn mice did not, indicative of rapid forgetting. As can be seen on the right-hand side of Figure 1 , the trisomic mice demonstrated an overall preference for the cocoascented chow, regardless of demonstrator diet. The Ts65Dn mice paired with demonstrators who had consumed cocoa-scented chow, like their 2N counterparts, consumed a high percentage of cocoascented chow. However, the Ts65Dn mice paired with demonstrators who had previously consumed cinnamon-scented chow also showed a slight preference for the cocoa-scented chow (median ϭ 59.2%), and a majority of these subjects exhibited a cocoa preference.
The pattern of results suggests that Ts65Dn (and possibly 2N) mice have a natural preference for the cocoa-scented chow, but that this preference is not seen if the animal has access to the memory of the scent information acquired from the demonstrator. The STFP paradigm is based on the idea that, when confronted with two novel foods, rodents will use available information about their relative safety to guide food choice. Thus, if the mouse remembers that the scent on the demonstrator's breath matches one of the two novel foods, then it will preferentially eat that diet; but if the memory of that social interaction has eroded, then the animal will sample both diets, and exhibit a preference for whichever food is more palatable, which in this case, appears to be the cocoaadulterated chow. It should be noted that although it is theoretically possible that, if the memory has faded, the mouse will eat neither of the two novel foods (due to neophobia), our prior data (and those of others) indicate that the desire to eat overrides the neophobia for scented chow in rodents under mild food restriction (as used here), and they do sample unfamiliar diets. Although we had conducted a pilot study to verify that the cocoa-and cinnamon-adulterated diets were equally preferred by this strain, it is notable that we had used only six 2N mice for this pilot test. There may be genotype differences, or the small sample size may have precluded the detection of a preference in these 2N mice.
Scrutiny of individual performance supports our interpretation of an inherent preference for the cocoa chow. As can be seen in Figure 1 , all groups paired with cocoa demonstrators showed a very strong preference for the cocoa-scented chow, whereas those paired with cinnamon demonstrators ranged more widely in the percentage consumed. Even at the 1-day retention interval, where both genotypes exhibited highly significant effects of the demonstrator's diet, there were individuals paired with cinnamon demonstrators who exhibited a preference for the cocoa chow. Thus, the most parsimonious explanation is that Ts65Dn mice had experienced forgetting of the socially acquired information following the 7-day retention interval, which manifested as an unmasking of a cocoa preference.
We can exclude alternative explanations for the impaired performance of the trisomic mice at the 7-day retention test. Importantly, the fact that the Ts65Dn mice exhibited strong social learning at the 1-day test (equal in magnitude to that of the 2N mice) demonstrates that the impaired performance at the 7-day test could not be attributed to an impaired ability to acquire or demonstrate this type of social learning. The strong social learning seen at the 1-day retention test also allows us to exclude impaired olfactory acuity as the basis of the impaired performance at the 7-day test, consistent with the results of the neophobia test.
In summary, Ts65Dn mice exhibited normal social learning but rapid forgetting on the STFP test, indicative of impaired hippocampal function. These data demonstrate that the STFP paradigm can be used as a test of hippocampus-dependent memory in Ts65Dn mice. This task is ethologically based, and has the advantage that it does not entail water escape or aversive motivation, which may differentially affect trisomic and 2N mice, and therefore complicate interpretation of altered performance in tasks which use these motivators. As such, it provides a useful tool to evaluate potential therapies that may lessen hippocampal dysfunction and aging-related cognitive decline in DS.
